Apoptosis triggered by endoplasmic reticulum (ER) stress is associated with various pathophysiological conditions including neurodegenerative diseases and ischemia. However, the mechanism by which ER stress induces neuronal apoptosis remains controversial. Here we identify the pathway of apoptosis carried out in sympathetic neurons triggered to die by ER stressinducing agent tunicamycin. We find that ER stress induces a neuronal apoptotic pathway which upregulates BH3-only genes DP5 and Puma. Importantly, we show that ER stress commits neurons to die before cytochrome c release and this commitment requires Bax activation and c-jun N-terminal kinase signaling. Furthermore, ER stress engages the mitochondrial pathway of death as neurons release cytochrome c and Apaf-1 deficiency is sufficient to block apoptosis. Our findings identify a critical function of Bax in committing neurons to ER stress-induced apoptosis and clarify the importance of the apoptosome as the non-redundant caspase activation pathway to execute neuronal apoptosis in response to ER stress.
Apoptosis triggered by endoplasmic reticulum (ER) stress is associated with various pathophysiological conditions including neurodegenerative diseases and ischemia. However, the mechanism by which ER stress induces neuronal apoptosis remains controversial. Here we identify the pathway of apoptosis carried out in sympathetic neurons triggered to die by ER stressinducing agent tunicamycin. We find that ER stress induces a neuronal apoptotic pathway which upregulates BH3-only genes DP5 and Puma. Importantly, we show that ER stress commits neurons to die before cytochrome c release and this commitment requires Bax activation and c-jun N-terminal kinase signaling. Furthermore, ER stress engages the mitochondrial pathway of death as neurons release cytochrome c and Apaf-1 deficiency is sufficient to block apoptosis. Our findings identify a critical function of Bax in committing neurons to ER stress-induced apoptosis and clarify the importance of the apoptosome as the non-redundant caspase activation pathway to execute neuronal apoptosis in response to ER stress. Endoplasmic reticulum (ER) stress occurs when the ability of the ER to properly fold proteins is overwhelmed or compromised, resulting in the activation of the unfolded protein response (UPR). 1 Activation of UPR results in a global decrease in protein synthesis while increasing the production of ER chaperone proteins. However, under conditions of severe and prolonged ER stress, the UPR is unable to restore normal cellular function and apoptosis is triggered. Apoptosis induced by ER stress contributes to neuronal death seen in many neurodegenerative disorders as well as neuronal death following ischemia. 2 Therefore, an understanding of the mechanism by which neurons undergo ER stress-induced apoptosis has important clinical significance.
Caspase proteases are the critical executioners of apoptosis in mammalian cells. 3 Many death stimuli converge on the mitochondria to activate caspases by the intrinsic pathway. In this pathway, activation of BH3-only proteins serves to activate proapoptotic Bcl-2 family members Bax and Bak, 4 which oligomerize in the mitochondrial membrane to induce the release of cytochrome c. 5 Cytosolic cytochrome c binds to Apaf-1 to form the apoptosome complex where caspase 9 is activated. Active caspase 9 cleaves and actives executioner caspases, such as caspase 3, which then go on to cleave various target proteins resulting in the demise of the cell. 5 The mechanism by which apoptosis is induced in response to ER stress has been examined in multiple cell types. Bax and Bak are important in this pathway, as mouse embryonic fibroblasts (MEFs) doubly deficient in Bax and Bak are resistant to ER stress-induced apoptosis. 6, 7 In addition to the established roles of Bax and Bak at the mitochondria, both are also found localized to the ER membrane and play an important role in Ca 2 þ regulation and release in response ER stress. [6] [7] [8] The discovery of an ER-localized caspase, caspase 12, has brought into question the mechanism by which ER stress activates caspases to carry out apoptosis. 9 In vitro, active caspase 12 is able to cleave caspase 9 directly, which subsequently activates caspase 3, potentially eliminating the requirement of the mitochondria and apoptosome to carry out ER stress-induced apoptosis. 10, 11 The lack of apoptosome involvement in ER stress-induced apoptosis is consistent with the observation that Sak2 cells, which are deficient in Apaf-1, are capable of activating caspases when treated with ER stress-inducing agents thapsigargin (TG) and brefeldin A. 10 Likewise, C2C12 cells treated with tunicamycin (TU) or TG show caspase activation without any detectable release of cytochrome c.
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Although caspase 12-deficient cells show resistance to ER stress stimuli, this resistance is mild. 9 Additionally, human caspase 12 lacks protease activity, bringing into question the relative importance of the caspase 12 pathway in ER stressinduced apoptosis. 12, 13 Recent studies suggest that the mitochondrial pathway may be significant in either inducing or amplifying ER stress-induced apoptosis. First, in contrast to the data in C2C12 cells, cytochrome c is released in response to ER stress in a variety of other cell types. 14, 15 Second, a recent study found that the Apaf-1-deficient ETNA (murine embryonic telencephalic naïve) cell line and Apaf-1-deficient MEFs and embryonic cortical cells are resistant to ER stressinduced apoptosis. 14 The disparities between these two sets of findings leave open the question as to whether mammalian cells, in particular primary post-mitotic neurons, undergo apoptosis in a mitochondria and apoptosome-dependent or -independent manner in response to ER stress. In this study, we have examined the molecular pathway of ER stress-induced apoptosis in primary sympathetic neurons. Our data show that neuronal commitment to death in response to ER stress occurs before cytochrome c release and is dependent on Bax activation and c-jun N-terminal kinase (JNK) signaling. Importantly, we show clear evidence that upon commitment, neurons engage the mitochondrial pathway and utilize the apoptosome as a non-redundant mechanism to induce apoptosis.
Results
TU-induced ER stress results in caspase-dependent apoptosis in neurons. TU, a N-glycosylation inhibitor, induces death in many cell types including sympathetic and hippocampal neurons. 15, 16 Sympathetic neurons treated with 2.5 mM TU exhibited a robust increase in the levels of ER stress-induced transcription factor C/EBP homologous protein (CHOP) and the ER resident chaperone BiP ( Figure  1a and b). Additionally XBP-1 became spliced, indicating that the ER stress sensor IRE1 was activated (Figure 1b) . Together, these results show that a vigorous ER stress response was being induced.
To determine the time course with which TU kills sympathetic neurons, neuronal viability was assessed, by cell morphology, at various time points following treatment. Following 36 h of TU treatment, approximately 70% of neurons were still viable. However, by 60 h virtually all neurons in the culture were dead (Figure 1c and d) . This method of measuring viability was confirmed by use of the 1-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and correlates well with other cell survival assays such as trypan blue exclusion and staining with calcein AM (Supplemental Figure 1A) . 17 Importantly, TU-induced neuronal death is caspase dependent as it was completely inhibited by the pan caspase inhibitor zVAD-fmk (50 mM) (Figure 1c and d) . zVAD-fmk appeared to have no affect on the ER stress response itself as levels of BiP and XBP-1 splicing were unaffected by the addition of zVAD-fmk to TU-treated cultures (Figure 1b) . These results show that TU induces ER stress and caspase-dependent death in neurons.
Neurons activate JNK signaling which is required for apoptosis in response to ER stress. JNK is known to be activated following ER stress by the IRE1-TRAF2-ASK1 pathway. 18, 19 However, in sympathetic neurons, proapoptotic stimuli have been shown to activate JNK via mixed lineage kinases (MLK). 20, 21 In these neurons, MLK activation by Cdc42/Rac is thought to phosphorylate MEKK4/7 which subsequently phosphorylates and activates JNK signaling. 22, 23 JNK activation leads to the upregulation, phosphorylation and activation of the transcription factor c-Jun which is essential for sympathetic neuronal apoptosis in response to nerve growth factor (NGF) withdrawal. 24, 25 We examined whether the JNK pathway was activated in sympathetic neurons in response to ER stress by using immunohistochemistry to assess the phosphorylation state of c-Jun. Although untreated neurons showed virtually no phospho-c-Jun staining, by 18 h neurons treated with TU showed high levels of nuclear localized phosphorylated To determine if the MLK-mediated JNK pathway was required for ER stress-induced apoptosis, we treated sympathetic neurons with TU in the presence of a MLK inhibitor, CEP-11004. 21, 26 Following 48 h of treatment, at a time when only about 10% of the TU-treated neurons were alive, greater than 85% of the TU and CEP-11004-treated neurons remained viable (Figure 2b ). CEP-11004 was also protective against TG-induced neuronal death (Supplemental Figure  1B) . CEP-11004 did not affect the ER stress response, as mRNA levels of BiP and XBP-1 splicing were unaffected by the addition of CEP-11004 to TU-treated cultures (Figure 2c ). However, CEP-11004 was fully capable of blocking the phosphorylation of c-jun in TU-treated neurons (Figure 2d ). These results indicate that the MLK-mediated JNK pathway is activated during ER stress-induced neuronal apoptosis and its inhibition is sufficient to block or prolong death.
BH3-only genes DP5 and Puma are upregulated independently of MLK signaling during ER stressinduced neuronal apoptosis. BH3-only proteins are responsible for binding to and activating proapoptotic Bax and Bak in response to diverse apoptotic stimuli.
4 BH3-only proteins themselves can be activated by transcriptional or post-translational mechanisms. For example, following NGF withdrawal in sympathetic neurons, BH3-only proteins Bim, DP5 and Puma become transcriptionally upregulated in part via the JNK pathway (Figure 3c and d). 4 We examined whether BH3-only proteins were transcriptionally upregulated in primary sympathetic neurons treated with TU. Our results show that both DP5 and Puma are transcriptionally induced as early as 12 h by ER stress whereas levels of Noxa and Bim were not significantly altered (Figure 3a and b) .
We next examined whether MLK signaling was important for the transcriptional upregulation of these BH3-only genes in ER stress-induced neuronal apoptosis. Surprisingly, CEP-11004 addition did not block the transcriptional increase in DP5 and Puma seen after TU treatment in these neurons (Figure 3c and d) . These results indicate that the mechanism by which BH3-only genes are transcriptionally upregulated during ER stress-induced apoptosis is MLK independent.
Bax deficiency inhibits ER stress-induced apoptosis in neurons, allowing for long-term survival. Bax/Bak double-knockout MEFs have been shown to be highly resistant to many apoptotic insults including ER stress. 6, 7 Even though Bax and Bak act redundantly to induce apoptosis in fibroblasts, sympathetic neurons do not express full-length Bak. 27 As a result, Bax-deficient sympathetic neurons are resistant to death following NGF deprivation and DNA damage.
28,29 Therefore, we examined whether Bax deficiency alone was capable of preventing ER stress-induced apoptosis in sympathetic neurons. Our results show that Bax-deficient neurons remained viable long after the wild-type neurons had undergone apoptosis in response to both TU and TG (Figure 4a To determine whether Bax deficiency was simply delaying neuronal death, we maintained the Bax-deficient neurons with or without TU for 11 days. Remarkably, Bax-deficient neurons exhibited decreased cell volume but no morphological signs of apoptosis even with prolonged exposure to TU (Figure 4c ). This resistance to ER stress did not appear to be owing to decreased activation of IRE1, as reported for Bax/Bakdeficient MEFs, 30 as Bax-deficient neurons were still able to splice the IRE1 target, XBP-1 (Figure 4d) . Together, these results show that Bax is essential for ER stress-induced apoptosis in neurons and that in the absence of Bax, TUtreated neurons can survive long term.
ER stress commits neurons to die early before cytochrome c release, and requires Bax and JNK activation. Commitment to death is the point in the apoptotic pathway at which neurons can no longer recover and eventually die, even with the removal of the apoptotic stimuli. Defining the point of commitment is important from a therapeutic perspective as long-term neuronal survival is expected if death is blocked upstream of commitment, whereas blocking downstream of commitment will only serve to delay death. In NGF deprived neurons, commitment to death occurs coincident with the time of cytochrome c release. 31 Our data show that the ER stress-induced time course of cytochrome c release corresponded very well to the time of death (Figure 5a ). 31 However, unlike NGF deprivation, TU-treated neurons were committed to die significantly before cytochrome c release. For example, following 24 h of TU treatment whereas only 20% of neurons had released cytochrome c, greater than 80% of neurons had already become committed to die (Figure 5a ).
To narrow down the point of commitment in ER stressinduced apoptosis, we examined commitment in Bax-deficient neurons. If commitment occurs upstream of Bax activation, then the Bax-deficient neurons are expected to eventually undergo cell death in this assay. Our results show that in the absence of Bax, sympathetic neurons do not become committed to die in response to ER stress. Even after 120 h of TU treatment, the Bax-deficient neurons failed to be committed to death (Figure 5b) . These results identify a critical role of Bax for commitment to death in neurons undergoing ER stress-induced apoptosis. A recent report determined that Bax and Bak at the ER are critical for JNK activation following ER stress in fibroblasts. 30 Therefore, we examined the importance of JNK signaling in neuronal commitment to death in ER stress. Sympathetic neurons were treated with TU for 12, 24 and 36 h following which the drug was washed out and either fresh media alone or fresh media containing the MLK inhibitor CEP-11004 was added during the recovery period. Although CEP-11004 addition 12 h after TU treatment was still capable of inhibiting the commitment to death, by 24 h after TU treatment CEP-11004 could no longer inhibit commitment in the majority of neurons (Figure 5c ). Similar results were also obtained with the JNK inhibitor SP600125 (Figure 5d ). These results point to the importance of JNK signaling-dependent events, which occur between 12 and 24 h following TU treatment, in committing neurons to ER stress-induced apoptosis.
Apaf-1 is required for neurons to undergo ER stressinduced apoptosis. Although the role of the Apaf-1-dependent apoptosome pathway is well established in many models of apoptosis, its specific importance in the ER stress-induced apoptotic pathway is controversial. 32 To determine if the cytochrome c-mediated apoptosome pathway is required to carry out ER stress-induced neuronal apoptosis, we examined the effects of ER stress on sympathetic neurons isolated from Apaf-1-deficient mice. First, we ensured that Apaf-1-deficient neurons were capable of releasing cytochrome c in response to TU. Our results show that by 48 h cytochrome c was released from mitochondria in both wild-type and Apaf-1-deficient neurons in response to TU treatment (Figure 6a and b) .
Next we examined whether Apaf-1 was required for ER stress-induced apoptosis in sympathetic neurons. In contrast to wild-type neurons, which were dead by 48 h, Apaf-1-deficient neurons remained alive even at 96 h of TU treatment (Figure 6c) . These results identify an essential requirement of Apaf-1 in neurons undergoing apoptosis in response to TU.
Together, these results demonstrate that ER stress engages Bax-dependent-cytochrome c release and requires the apoptosome pathway of caspase activation to carry out neuronal apoptosis.
Discussion
In this study, we utilized the model of primary sympathetic neurons to examine the molecular pathway engaged by ER stress-induced apoptosis in post-mitotic neurons. First, we report that ER stress-induced neuronal apoptosis requires JNK signaling. TU induced the phosphorylation and upregulation of c-Jun in neurons and blocking this pathway with the MLK inhibitor CEP-11004 or the JNK inhibitor SP600125 Sympathetic neurons were treated with 2.5 mM TU and the death, release of cytochrome c and commitment to die were quantified. Cell morphology was assessed to determine the percent of death at the indicated time points. Cytochrome c release was determined by immunofluorescence. These immunofluorescence studies were carried out on cultures treated with 50 mM zVAD-fmk to prevent cell loss. Neurons were also stained with Hoechst to detect nuclei and the percentage of neurons, which had released cytochrome c was measured as a percentage of cells which had nuclei but lacked intact punctate cytoplasmic cytochrome c staining. Commitment to die studies were carried out as indicated and explained in the results and Materials and Methods sections. The percent of neurons committed to die was determined as the percent of the cells lost after the recovery period (5-7 days) relative to those present before the treatment period (length of the treatment period is as indicated on the graph). Data are means7S.E.M. from nX3 separate experiments per time point. (b) Sympathetic neurons isolated from Bax-deficient mice (BaxÀ/À) or their wild-type littermates (Bax þ / þ ) were exposed to 2.5 mM TU and commitment was determined as described in (a). Data are means7S.E.M. from nX3 separate experiments per time point. (c) Sympathetic neuronal cultures were exposed to 2.5 mM TU and commitment studies were carried out as described in (a) with the exception that neurons were either saved with NGF containing media or NGF containing media with 3 mM CEP-11004. Data are means7S.E.M. from nX3 separate experiments per time point. (d) Sympathetic neuronal cultures were exposed to 2.5 mM TU and commitment studies were carried out as described in (a) with the exception that neurons were either saved with NGF containing media or NGF containing media with 10 mM SP600125. Data are means7S.E.M. from nX2 separate experiments per time point (Figures 2, 3, 5) . Second, we identify Puma and DP5 as two BH3-only genes that are transcriptionally activated in response to ER stress ( Figure 3 ). This increase in Puma and DP5 occurred even in the presence of CEP-11004 ( Figure 3 ). Third, in response to ER stress, neurons release cytochrome c (Figure 5a ). However, neurons became committed to die long before the point of cytochrome c release and this commitment requires both Bax activation and JNK signaling ( Figure 5 ). Thus, Bax deletion alone is able to block ER stress-induced apoptosis long term in both cell survival and commitment studies (Figures 4 and 5b , Supplementary Figure 4 ). Finally, we show that Apaf-1-deficient neurons are remarkably resistant to ER stress-induced apoptosis (Figure 6c) . These results identify an essential and non-redundant role of the Apaf-1-dependent apoptosome pathway in mediating ER stress-induced apoptosis in neurons.
ER stress induces the activation of JNK signaling and the transcriptional upregulation of BH3-only proteins during neuronal apoptosis. Our results show that TU induced an early and sustained increase in JNK-dependent phosphorylation of c-Jun in neurons (Figure 2a and d) . JNK signaling could be activated at the ER membrane though IRE1-TRAF2-ASK1 pathway or through the MLK pathway that is known to become activated in these sympathetic neurons after NGF deprivation. [18] [19] [20] [21] Studies utilizing ASK1-deficient mice have also demonstrated the importance of ASK1 in ER stress-induced apoptosis in telencephalic neurons. 19 We find that an increase in JNK signaling was required for ER stress-induced apoptosis in sympathetic neurons as the addition of SP600125 (JNK inhibitor) or CEP-11004 (MLK inhibitor) blocked apoptosis (Figures 2b, 5c and  d) . Interestingly, CEP-11004 addition did not protect against TU-induced death in primary fibroblasts (Supplementary Figure 2) . These results point to the importance of MLK signaling mediating JNK activation in sympathetic neurons undergoing apoptosis with ER stress, just as seen after NGF deprivation. Therefore, it is likely that both these pathways contribute to JNK activation during ER stress-induced apoptosis in neurons.
JNK signaling is important in other models of neuronal apoptosis as well. 20, 25, 33 For example, during NGF deprivation-induced apoptosis, JNK signaling appears to be important for the transcriptional upregulation of BH3-only proteins DP5/Harakiri and Bim. 4 We found DP5 and Puma levels were induced, however, Bim and Noxa levels did not change significantly after TU treatment in neurons (Figure 3a and b) . Recent studies with DP5 34 and Puma 35 knockout mice have shown that these BH3-only proteins contribute to apoptosis in sympathetic neurons. Importantly, addition of the MLK inhibitor CEP-11004, which blocks the upregulation and phosphorylation of c-Jun, did not block the increase in DP5 and Puma after ER stress (Figure 3c and d) . These results are consistent with the observation that BH3-only proteins can be activated via JNK-dependent and JNK-independent pathways during sympathetic neuronal apoptosis. 4 Our results showing the transcriptional upregulation of Puma following ER stress are in agreement with other studies. 15, 36 Although Puma was initially identified as a p53-regulated BH3-only gene, p53-deficient neurons were still able to upregulate Puma and did not show any resistance to ER stress-induced apoptosis (Supplementary Figure 3) . Thus, whereas transcription factors c-Jun and p53 do not appear to be important for ER stress-induced DP5 and Puma upregulation, this upregulation could be mediated by alternative transcription factors such as FOXO3a, which is known to be activated in neurons in response to other apoptotic stimuli. 4 ER stress commits neurons to die before cytochrome c release and requires Bax. Neurons exposed to ER stress become committed to die long before they release cytochrome c (Figure 5a ). These results are in contrast to NGF deprivation, in which commitment to death occurs coincident with the mitochondrial release of cytochrome c.
31
In this respect, ER stress appears similar to DNA damage which also commits neurons to die early, before cytochrome c release. 29 As DNA damage commits neurons to die before Bax function at the mitochondria, Bax-deficient neurons still become committed to die. 29 In striking contrast, Bax-deficient neurons exposed to ER stress fail to become committed to die (Figure 5b ). These results show that during ER stress, Bax activation is an absolute requirement for neuronal commitment to death. Although Bax function at the mitochondria is well characterized, Bax has also been localized to the ER in fibroblasts and cell lines. [6] [7] [8] Therefore, this difference in the requirement of Bax for neuronal commitment to death in response to ER stress but not DNA damage could be indicative of a critical function of Bax at the ER in neurons.
The Bax-deficient neurons that are unable to be committed to die in the presence of TU exhibit no morphological signs of degeneration even after 11 days of sustained exposure to TU (Figure 4c ). These neurons are smaller than untreated neurons presumably owing to the global inhibition of protein synthesis that is seen after ER stress in mammalian cells (Figure 4c) . 1 Although it is surprising that these neurons can survive long term under these conditions, it is possible that they do so by utilizing autophagy which is known to provide energy in conditions of nutrient deprivation. 37 The Apaf-1-dependent apoptosome pathway is required for neurons to undergo ER stress-induced apoptosis. There is significant debate about the importance of caspase 12 and the role of an Apaf-1-independent pathway in ER stress-induced apoptosis. Others have proposed that caspase 12, which is activated at the ER, directly cleaves and activates caspase 9 which is then free to go on to cleave and activate caspase 3. 10, 11 This implies that the apoptosomal components and therefore the apoptosome itself is not required for ER stress-induced apoptosis.
Here we show that in response to ER stress, sympathetic neurons release cytochrome c and that Apaf-1 is required for apoptosis ( Figure 6 ). Thus, ER stress-induced apoptosis is not able to bypass the apoptosome, nor does the apoptosome act simply as a feedback amplification loop following caspase activation by an apoptosome-independent pathway. These finding are consistent with a recent study focusing on ETNA cells (neuronal precursor cell line) which also found the apoptosome pathway to be key to ER stress-activated apoptosis.
14 Additionally, we find that a zVAD-fmk inhibitable caspase, such as caspase 12, 9 does not act upstream of the mitochondrial release of cytochrome c during ER stressinduced apoptosis, as addition of zVAD-fmk did not block cytochrome c release in response to TU treatment (Figure 5a ). In agreement with this finding, recent studies have indicated that caspase 12 is a downstream target of caspases 3 38 and that caspase 12 and human caspase 4 are dispensable for ER stress-induced apoptosis. 39 Therefore, caspase 12 is not likely to play an essential role as a link between the ER and mitochondrial to release cytochrome c in sympathetic neurons.
Together, the data presented in this study identify key components of the ER stress-induced apoptotic pathway in neurons. In particular, these results demonstrate the essential and non-redundant function of the Apaf-1-dependent mitochondrial pathway in this model. Our results also point to Bax inhibition as a viable strategy for preventing neuronal death in pathological models of ER stress, as it would block the commitment to death point preventing not only apoptosis but other forms of death, allowing for long-term survival.
Materials and Methods
Reagents. All reagents were purchased from Sigma-Aldrich or Fisher scientific, unless otherwise stated. Collagenase and trypsin were purchased from Worthington Biochemical Corporation. zVAD-fmk purchased from Enzyme Systems Products (MP Biomedicals). CEP-11004 was a kind gift from Cephalon Inc. (Frazer, PA). Aphidicolin was purchased from Sci-Quest-AG Scientific. Protease inhibitor cocktail was purchased from Roche.
Sympathetic neuronal and fibroblast cultures. Primary sympathetic neurons were isolated from superior cervical ganglia of post-natal day zero to one (P0-P1) mice as previously described for rats. 31 Briefly, dissected ganglia were treated with 1 mg/ml collagenase, followed by 2.5 mg/ml trypsin for 30 min each at 371C. Ganglia were triturated and dissociated and plated on collagen-coated dishes at a density of 60 000 cells per well for protein lysates or RNA extraction and 10 000 cells per well for survival counts and immunofluorescence experiments. Neurons were maintained in media containing MEM with Earle's salts supplemented with 50 ng/ml NGF, 10% FBS, 2 mM glutamine, 100 mg/ml penicillin, 100 mg/ml streptomycin, 20 mM fluorodeoxyuridine, 20 mM uridine and 3.3 mg/ml aphidicolin. Experiments were preformed on cells 4-5 days after plating. For NGF deprivation, cultures were rinsed twice with medium lacking NGF followed by addition of goat anti-NGF-neutralizing antibody to this NGF-free media. Other conditions required the addition of 2.5 mM TU, 50 mM zVAD-fmk or 3 mM CEP-11004. In all of our studies we used a dosage of 2.5 mM TU. This dosage was based on a doseresponse we preformed (data not shown) and falls well within the range used in various studies of cultured cells including sympathetic neurons. 15, 16 Primary MEFs were isolated from P0 mice. The dorsal skin was removed and treated with 1 mg/ml collagenase, and then with 2.5 mg/ml trypsin for 1 h each at 371C. Tissue was then triturated and the dissociated cells were plated in DEM supplemented with 10% FBS and 100 mg/ml penicillin and 100 mg/ml streptomycin.
ICR outbreed mice (Harlan Sprague-Dawley) were used for all experiments except those involving Bax-deficient, Apaf-1-deficient and p53-deficient sympathetic neurons. The genetic background of Bax-deficient, Apaf-1-deficient and p53-deficient mice is C57BL/6; wild-type littermates were used as controls in these experiments. We note that the time course of TU-induced death of sympathetic neurons isolated from the C57BL/6 genetic background is faster than in sympathetic neurons isolated from the ICR background. Bax-deficient mice were kindly provided by Dr. Stanley Korsmeyer and the Apaf-1-deficient mice were generated by Joachim Herz (UT Southwestern) and were kindly provided by the laboratory of Dr. Susan Ackerman (Jackson Laboratories). p53-deficient mice were purchased from Jackson Laboratories (Maine). Our methods for genotyping Bax-deficient mice has been described previously. 28 The specific primers used to genotype Apaf-1-or p53-deficient mice are shown below: Quantitation of neuronal survival. Sympathetic neuronal survival after any treatment was assessed by counting clearly identifiable neurons with large and phase-bright cell bodies, whereas dead neurons atrophied and degenerated. All surviving cells in the culture were counted and expressed as a percent of the number of cells in the 0 h condition. This method of assessing neuronal survival correlates well with other cell survival assays such as trypan blue exclusion and staining with calcein AM. 17 In order to determine the commitment of neurons to die, sympathetic neuronal survival, after varying lengths of TU treatment, was assessed by determining the percentage of cells that could be rescued by washing out the TU at those times. Sympathetic neurons plated in multiple dishes were treated with TU in the presence of NGF for the indicated times, rinsed three times and incubated in fresh NGF containing, TU-free media with or without CEP-11004 or SP600125 as indicated. Five to seven days after TU washout, the rescued neurons were clearly identifiable with large and phase-bright cell bodies, whereas the non-rescued neurons atrophied and degenerated. All rescued cells in the dish were counted and expressed as a percent of the number of cells in the 0 h condition.
Rate of MTT reduction. Culture media was removed and 500 ml of 0.4 mg/ml. MTT in Leibovitz's L-15 medium containing 10% FBS was added to the neurons for 15 min at 371C. The MTT solution was aspirated and cells were lysed into 200 ml dimethylsulfoxide. The amount of MTT formazan was quantitated by determining its absorbance at 490 nM in a Bio-Tek Instuments Inc. ELx808 Ultra Microplate Reader. The same procedure was followed for MEFs except that MTT was in DMEM containing 10% FBS.
Immunofluroescence analysis. Immunofluorescence analysis on sympathetic neuronal cultures was performed as described previously. 31 Cultures that were treated with NGF deprivation or TU addition were maintained in the presence of the pan caspase inhibitor 50 mM zVAD-fmk to present cell loss. Primary antibodies were as follows: anti-cytochrome c (556432, BD Biosciences) and antiphospho-c-Jun (Ser 63) (9261, Cell Signaling). Secondary antibodies used were anti-mouse Cy3-conjugated (Jackson Immunoresearch Laboratories, Inc., West Grove, PA) and anti-rabbit Alexa 488-conjugated (Molecular Probes Inc., Eugene, OR). Nuclei were stained with the nuclear dye bisbenzimide (Hoechst 33258; Molecular Probes Inc., Eugene, OR).
Quantitative RT-PCR analysis. Our method of quantitative RT-PCR analysis is a modification of a previously published protocol, 24 where we substituted the radioactivity-based detection method with a fluorescence-based detection technique. Briefly, RNA was isolated from sympathetic neuron cultures with Trizol (Invitrogen) using the manufactures protocol. Equal amounts of the RNA isolated at specific times after the specified treatment was converted into cDNA with Primers and PCR protocol for XBP-1 were described previously. 40 Primers for BiP were described previously. 19 Preliminary experiments with sympathetic neuronal cultures validated that the RT-PCR technique was linear with respect to the amount of input RNA used for RT and with respect to the amount of cDNA used for PCR in these experiments. No product was amplified when water was used as input for a PCR reaction. Results were repeated in at least three independent RNA preparations. Levels were quantified using SYBR Green I Nucleic Acid Gel Stain (Molecular Probes Inc., Eugene, OR) and scanning blots on a Typhoon scanner (Amersham Biosciences) and analyzed with ImageQuant software (Amersham Biosciences).
